Abstract-This paper presents the development of a wireless, near-infrared (NIR) imaging system. The goal of the system is to provide flexibility and functionality to clinicians and researchers who require monitoring of blood profusion to tissue, muscles, or the brain. The prototype uses a single stimulus/detection unit composed of an Epitex NIR LED with three wavelength options: 730, 805, and 850 nm, and an OPT101 photodiode detector. The stimulus/detection unit is used to detect changes in the levels of oxygenated and deoxygenated hemoglobin in the body by detecting the amounts of absorbed and backscattered light at the appropriate wavelength. The backscattered light collected by the optical sensor is converted to a digital, serial bit stream for wireless transmission to a base station computer. The usefulness of this design may significantly change the way in which researchers and clinicians study the human body. Without the need to attach a subject to bulky equipment and confine them to a laboratory setting, the investigator can gather data unrestricted by the experimental setting. This advantage permits a vital metabolic indicator to be studied in many different and perhaps difficult situations.
INTRODUCTION
Functional Near InfraRed Spectroscopy (fNIRS) is used to non-invasively detect and image blood profusion in the human body. fNIRS methods are implemented by exposing parts of the body to near-infrared light [1] and monitoring the scattering and absorption of individual frequencies of light from one or multiple detector sources. Unlike other medical imaging methods that rely on large, expensive instruments to form images, the equipment for fNIRS methods can be quite portable and inexpensive and since fNIR spectroscopic methods are designed to monitor specific molecules within the body, no internal changes such as the application of a magnetic field or the injection of radioactive species are required.
II. BACKGROUND
Imaging by fNIR spectroscopy is based on the characteristics of the absorption spectra of Near InfraRed light for water and oxygenated and deoxygenated hemoglobin (HbO 2 and Hb), these spectra are shown in Figure 1 . The region of these spectra between 700 nm and 900 nm is referred to as an "optical window" where the absorption of a NIR signal To better understand fNIRS, it is important to know how photons are scattered within the body. There are essentially three different forms of transmission that can take place: unscattered, forward-scattered, and back-scattered. Unscattered photons arise when a photon does not come in contact with any tissue and simply passes directly through the body. When this occurs, the optical path length remains the same as the physical distance between the entry and exit points of the photon. A forward-scattered photon arises when the photon changes directions from its original angle of incidence into the body, but still exits opposite from its entry point. Here the path length of the photon becomes longer than that of an unscattered photon. Lastly, when a photon enters the body and is scattered, but exits the body from the same side it entered, it is considered to have been back-scattered. [2] The stimulus/detector unit implemented for the wireless system which is shown in Figure 2 takes advantage of back-scattered NIR light.
The amount of backscattered light of frequencies in the optical window that is not absorbed can be detected and used to determine any changes in the concentration of blood chromophores (oxy and deoxy hemoglobin) [3] . The change in magnitude of the backscattered light will indicate changes in hemoglobin concentrations due to the absorption of the light. This is calculated using the Modified Beer-Lambert Law (MBLL), which states that there is a relationship between the absorption of light and the material which is absorbing the light. The Modified Beer-Lambert Law provides a practical description of optical attenuation in highly scattering mediums. This allows for changes in chromophore concentrations to be quantified. The Modified Beer-Lambert Law is:
The variables in the MBLL represent: optical density (OD), incident light intensity (I o ), detected light intensity (I), extinction coefficient of the chromophore (ε), distance between entering light position and detected light position (L), a path and length factor accounting for increased photon path length brought on by tissue scattering (B), and a factor accounting for measurement geometry (G). A change in chromophore concentration will cause the detected intensity to change. When concentration changes, the extinction coefficient ε and distance L do not change, and it is assumed that B and G remain constant. Therefore we are able to rewrite the initial MBLL as:
Where Δ = − represents the change in optical density, and represent the measured intensities before and after a concentration change and Δ is the change in concentration. L is known from the emitter and detector separation distance, ε is specific to the type of chromophore, and B has been previously calculated for different types of tissues. Therefore the change in chromophore concentration can be calculated from the given extinction coefficient. To account for independent concentration changes in oxygenated and deoxygenated hemoglobin, the equation for both chromophores (where λ represents a specific wavelength) is used:
By using the known extinction coefficients of oxyhemoglobin and deoxyhemoglobin ε Hb , and measuring Δ at two wavelengths, their concentration changes can be computed from the following equations [4] : The optical imaging sensor used in this work and shown schematically in Figure 2 houses an array that is composed of two elements: an Epitex NIR LED [5] source that emits three different wavelengths of near infrared light: 730, 805, and 850 nm, and an OPT101 [6] infrared photodiode detector. Arrangement of these elements, and the number of sources and detectors, is a function of the imaging application. The three wavelengths available in the LED are controlled by the application of current to individual pins. Using this configuration, specific wavelengths can be turned on and off allowing the user to change the target compound, Hb (730 nm), HbO 2 (850 nm) or the crossover point (805 nm) where absorption of the two hemoglobin compounds is equal.
The physical sensor is an important aspect of the system and is designed to be adaptable for individual situations. The crucial parameter for targeting a specific imaging location is the center-to-center distance between the LED and the photodiode detector. This distance determines the depth at which absorption is detected and follows a path that is approximated by a "banana" shaped region between stimulus and detector as shown in Figure 3 .
The penetration depth and stimulus/detector position described in Figure 3 are prescribed for various applications. For example, measurement of blood profusion in muscle tissue near the skin surface may require an "L" that is different from a measurement that targets the surface of the cerebral cortex. The technique that is used to fabricate our sensor housing requires only that the specifications be set a minimum of 24 hours prior to the measurement. The packaging is composed of a flexible silicone compound that is poured into a custom mold. The mold is fabricated using a Dimension BST 3-D printer. Figure 2 component wiring and connections are embedded into the flexible silicone package. The current power management circuitry is contained in a separate housing but will eventually be incorporated with the control system hardware described below. Analog detector (photodiode) output is monitored continuously and converted to digital form by the 8-bit ADC.
IV. DATA PROCESSING AND CONTROL SYSTEM
The data processing and control circuitry are a crucial part of the entire imaging system and are carefully designed to work seamlessly with the optical sensor and wireless interface. The core data processing and control of the system is accomplished using the components shown in Figure 4 [7] .
The wireless communication for the transmission of data from the imaging sensor to the base station computer is achieved using two Radicom WHM900 RF antennas mounted on development boards [8] . The sending and receiving antennas communicate on a 915.02MHz frequency, which lies in the License-Free ISM Band (900-928MHz). They communicate with a baud rate of 2400bps and have a communication range of approximately 300 to 500 feet. This range is more than acceptable for the applications that the imaging system is designed for. The Radicom WHM900 development board was used for initial system development because it allowed for easy communication with the base station computer, direct communication with the module via HyperTerminal, and also allows the module to send data to MATLAB™ for graphing and analysis. Figure 5 shows the timing diagram that represents a single 8-bit data acquisition event. This sequence is repeated a setable number of times to acquire the desired data. In order to test our system response, phantom test structures were prepared. A phantom is a synthetic model created to simulate the desired response of the fNIRS sensor to changes in oxy and deoxy-hemoglobin. Phantoms range in complexity from simple models of biological tissue, to complex models designed to accurately emulate the chemical composition of the human body. The more complex the data obtained from an imaging system, the more accurate the phantoms must be to properly test all the different components of the biological system. The goal of the system characterization was to verify that the overall system will respond to a variation in simulated test conditions. The sensor system was tested on phantoms and the data presented here is used to characterize system functionality, but is not representative of any particular biological system. The phantoms used in our initial characterization had a standard silicone base and varying concentrations of a scattering agent, TiO 2 , and an absorber, carbon black. Three categories of phantom were constructed; (a) clear, (b) with varying concentrations of scattering agent and (c) with a single concentration of scattering agent and varying concentrations of absorber. Clear phantoms were used to verify detection by alternating the underlying surface between black and white and measuring the detected backscattered light.
The experimental setup is shown in Figure 6 . The response of the photodiode to the application of NIR stimulus at 805 nm is shown in Table 1 . The second experiment was an empirical study to set the appropriate level of scattering compound, TiO 2 .
The experimental setup was identical to that in Figure 6 except that the amount of TiO 2 was varied until all applied NIR light was apparently scattered within the phantom, that is, the underlying surface was not a factor in the measurement. Increased scattering reduced the backscattered light detected due to the dispersion of the light throughout the phantom. The data for this set of measurements is shown in Table 2 . The 2 g level of TiO 2 was chosen for the remainder of the measurements.
Finally, the sensitivity of the system to varying levels of absorbing compound was demonstrated. A new set of phantoms was fabricated with the concentration of TiO2 held constant at 0.0197 g/cm 3 (the 2 g level in the scatterer experiment). Carbon black, a compound sometimes used as a pigment in rubber products, was used as the absorber. Two levels of absorption were simulated by adding carbon black to the phantoms in the following quantities: 0.01g and 0.05g.
With the concentration of scatterer in the phantoms at 0.0197 g/cm3, it was assumed that the testing surface was only reflecting a minute amount of NIR light, however testing was performed once again on both black and white surfaces for consistency. Measurements of backscattered light were made at each level of added carbon black. At the reporting wavelength, 805 nm, the data shown in Table 3 was obtained.
The choice of carbon black quantities was not adequately fine grained in this experiment. Between 0.01g and 0.05g, ΔV is 0.035 V on the black surface and ΔV is 0.033 V on the white surface, which indicates a strong response to the increased concentration of carbon black.
Software was developed in MATLAB™ to view and collect the data arriving at the base station computer. There are several different aspects to the software, each designed for taking care of specific tasks. Some of these tasks include the processing of incoming data, plotting incoming data in real time, and data comparison.
VI. CONCLUSIONS
The successful preparation of this prototype version of a wireless unit for fNIR spectroscopy is the first stage of our effort to create a fully portable, wearable imaging device. Expansion of the control system to include multiple sensing devices and the implementation of an FPGA based system is underway. The modular sensor package was designed with the goal of creating a reconfigurable array system. This would allow a user to create a sensor configuration to meet an immediate need. An additional important aspect of the next stage of work is the further development of the phantom based characterization methods.
One goal is to create a characterization system that is representative of realistic biological systems that are targeted for imaging using NIR. This accomplishment will aid us in our development tasks can be used to verify proper functionality in the field.
